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6UMMARY

Wind-tunnel tests of NACA 65(216)-420, a = 1.0, and
. 66(21!3)-42o, a = 1.Q, airfoils at speeds up to and sliglitly
above the critical are described. The test Reynolds numbers
extended from 4,000,000 ta 17,000,000 for the 65-series
airfoil and from 4,000,000 to 2!!$,500,000 for the 66-seriee.
Section coefficients of lift, drag and pitching-moment and.
extensive pressure-distribution data are presented.

The crltloal speed for these airfoils at their design
lift coeffloient of O.U is shown to be about 46o tiles per
hour at sea level and about 415 miles per hour at 25,000 feet
altitude. The 66(218)-4-20airfoil was found to be extremely
sensitive to surface imperfections. Throughout the test
range the 65-series airfoil had no nore and even less drag
than the 66-series airfoil, and the low-drag oharacteristlos
extended over a greater range of lift coefficients.

INTRODUCTION

In order to provide data on the oharacteristlok!at high
speede tests have been made of NACA 65(216)-420, a = 1.0,
and 66~2M)-420, a = 1.0, airfoils of +foot ohord, and a
66(213)-420, a = 1.0, atrfoil of &foot chord. The purpose
of the latter was to determine the separate effects of
Reynolds number and compressibility. The two profiles were
chosen in order to determine the effects of rather high
camber (0,4 Ideal lift coefficient) and large thickness
(2O percent of the chord) on the seotlon Oharaoterlstlos of
low-drag airfoils. All three ?~eretested at speeds up to
and slightly above the critical.
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The test reeults for the NACA 66(21(!!)-420airfoil of
5-foot ohord have recently been published (reference 1) but
the ooefflolents were umorreoted ror tunnel-wall effeoh.
The correoted qeeults are inoluded in the Present rePort. .

APPARATUS AND METH~ “

The tests were honduoted In the Ames 16-foot high-speed
wind tunnel, M~ffett Field, CalIf. This tunnel has a single
return and a olosed “ciroulartest section 16 feet m diameter.

In aooordknoe with the NACA notation the first number In
the designating numbers or the airfoils, fiCA 65(216)-420,
a = 1, and 66(2M)-420, a = 1 Indioatea that the seotions
are for l-drag Arfoils of the 6 famlly~ The seoond numbers,
5 and 6, indioete that the region of falling pressures extends
from the leading edge to 50 and 60 peroent of the ohord
respeetlvelye The numbers In the parentheses indicate the
baalo airfoil sections from whioh these airf’oilswere derived.
The number 2 Indloates that the low-drag range of the basio
airfoil is for”llft ooeffiolents 0.2 more or lees than the
Ideal. The numbers 16 and 18 Indicate that the basl.oairfoil
sections are 16 and lg percent of the chord thiok respectively.
The number 4 following the,dash, Indicates the i&eal lift
coefficient to be 0.4, the number 20 shows the thiokness in
peroent of ohord, and a = 1 1s the designation of the oamber
Mne whioh gives a uniform ohordwlse lift distribution. The
two airfoils are thus designed to have the same working range
of lift coefflolent, are oambered for the same Idesl lift
coefficient (0.4), have the same thiokness (0.20 chord), and
are designed for uniform chordxise distribution of lift.

The coordinates for the air”foilseotions are given In
fi~res 1 and 2.. These ooordlnates were derived from those
for symmetrical airfoils by the method explained in referenoe 2.
All three a%rfoils were of oonstant chord. They oom~letely
spanned the test seotlon of the wind tunnel, as shown in figure
~ exoent for clear~noe of one-eighth to three-sixteenths Inoh
at the tunnel walls.

The airfoils were made of wood mounted on welded steel
box spars. The airfoil sedtiond stopped-at the tunnel walls,
but the snars extenaed through the walls to the trunnions of
the balance frame, whloh supnorted the alrfioilsand provided
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for adjustment of the angle of attack.,

-““’’’’TM’~i~foile wem?e’pdnted- “mndpapere&;-an~ polished so
that the surfaoes were fair anh true and, during the tests,
they wpre maintaine~ Imnthis condition. The angles of attaok:
were oheoked during the tests by mea~s of torque”tubes
fastened to the airfoils at mldapan and extended to rel?erenoe
fittings outside the test eeotion of the tunnel- The torque
tubee made it possible to determine the twist of the airfoils
under load and to oomnehpate for deformation so that the mid-
span section.was kept at the desired angle of attaok~.

In eaoh airfoil, .2.5feet from the midspan there was a
ohordwise row of 37 statio pressure orii’ioes. $he orifices, ..
0.020 Inch In diameter, were oonneoted to a multiple-tube “
manometer which was photogranhed:to obtain instantaneous and
permanent reoords.

From measurements of the lOSS of momentum In the wake
behind the airfoils, the drag coefficients of the airfoil
section were oomputed. The momentum-loss measurements were
made at the oenter of the span.by means ~f a rake of total-
pressure and static-pressure tubes oonnected to a multiple-
tube manometer. The method of Sllverstein and iCatzQff
(reference 3), as outlined by Davis M refarence 4, was
employed for oomnuting the dreg coefficients nresented in
this report.

The lift coefficients were derived by integrating plots
of the nressure distribution to obtain the coefficients of
normal force and apnlying the formula, given l~ter~ for lift
ooeffloient in terms of normal”force and drag for v~rious
angles of attack. Coefficients of pitching moment were
oomputed by integrating the moments of the pressure as shown
by plots parallel and normal to the chord.

.

For a few of the tests, In order to determine the effect
of various surface conditions, the transition point was arbi-
trarily fixed at 10, 30 50, or 60 peroent of the ohord aft
of the lep.dingedge on both the upper and lower eurfaoes by
l/2-inch-wide spanwise bands of No. 60 Carborundum grains.
The effeot of ‘standardN roughness, as desorlbed In “
reference 5, was tested on only the NACA 65(216)-420 alrfoll~
Sheets of No. 60 Carborundum paper extending around the
leading edge of the airfoil for 10.5 inches oonstltuted the
‘Istandardarou@ness for th$s teSt.

.,, ,., ... ,—, . ,.-..——.- ---- -. - —
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GOEFFI(31ENTS* SY?MLS ‘-
. .

The cbefflolen%s‘usedIn this report are &S ‘follows:-

‘n seotion n0m8i-f0A3 coefficient” [1/0 j(su T sL)dx] ‘ J\ 0.

cd seotlon drag coefficient“
(

.F/c /H - ‘t iy
.W q )

.“

. ..-

/ Cnsection lift ooeffioient ,
(q - .Cd‘an a )“. .

sect on pttchillg-moment-,coefficient
‘me/4 . ,.

I
dcac ~(~u y SL)(”~ - x)di i {(SU-%)Y dy~] ●

c A

s ..(y) .pressure coefficient

. .

P pressure coefficient (Y)* ,
..

R

M“

()P%Re~oids number — .
M,

Mach number
()”

~

a ....

..
.

*

,

where . . ... . . ..
. . .“

o ‘ “airfoilchok c “ “ ““ . “ ‘

Su pressure coifftcient, u+er inirfacb..

s~ pressure coefficient, lower surface
,

x distance of pressure,Atatlon from “ “
leading edge measured p~~.allel”to
wing chord

F- provortionalltj fe.etor(reference !)-
.,.

w thloknoss.of wing %wJse .. .
H = p+(ltq)q total pressurejin free stream

.. .
. . .

,..,
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q-”’

Y+ ..
.

a

P

v

IJ

a

The
the form
locally,

total pressure in wing wake .

fide-’stre’anidyiianilo‘prekisumif”” (*pV*) “

. free-strkm statlo phessure .
.

the oompreesibillty factor (referenoe 6)

[
(l+@ +~+@ w

T- m TG5q-m+ e””
)]

ordinate of press~.e station
measured from wwg ohord

angle of at-taokof airfoil, degrees ●

local statlo pressure on airfoil
surface

density of air in free stream

velocity of air in free stream

viscosity Or air in free stream

velooity of sound in free stream- m

equation for the critical pressure coefficient of
$- P)/q, at which the speed of sound is reached

P~r =
+
l“f [o.g34 (1 + 0.20 Mwa”s= 1}

(referenoe 7,.page 6, equation(6A))

Since .
=Pz

s
=p+q(l+q)-pt=(l+q)

‘T q,
. (+)

. .

—.
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then ..:“.”.““ .:.” ... J ..:- ..-. .
0 =(liil) .-P,.”.-,.. .m. . . - .

and, therefore the value of S .at whioh aonlo velooity is , z
reached. Is ,.-..-..+~. . . . . .,.

s “~ (1.+ i) ‘.p*r . .or.<,
●
,.-.,----. -.-L.!... ..

. .
Of use in this re~ort 1s a theoretloal

rate of ohange of are,ssu’reooeffl-oientwith.
equetion of von K&man* s”(re.ferehoeG page
is used. !Mth von K&rm4ni,ssymbol no$ation
used in thle”report;”tho’@qu&tid”fiis “ ‘-.- “

:.”... ,... . .. - . , ,. ..
m

. . .

=5

.. . .. ;% . .

where . .. .

%4 presmre ooef’floimt. at a Maoh number

P. “pressure coefficient.e.ta Mach number
von Xl&&!s; euuation In terms of” S Is then

,.””

equation for the
Mach number. An-
347, f3quation(62)) . “
ohanged to that

of M

of zero “

. . . . . .
(3M’= (r+q)-:”. ..(l= so)

. . . A- + .Ma ()2+2
j. +J.f.fg

-. . .-,. *,- .. . . . . . . . ..

CORRECTIONS FOR”TtiN&-W” EFFECTS ‘.

The results presented In thlE report have been correoted
for tunnel-wall effeots by a method developed at the Ames
Aeronsutioe.1Laboratory. The followi~ eauations‘give the
oorrected section lift, drag and moment coaffloiente, angle
of attaok, Mach number, and fieynoldenumber for these airfoils
In tarme of uncorrected value~ of these a.uantitles,whioh are



.—— -

7
1

M =
[ 11 + o*o~46 (1 + 0.2 M“a) %

l=- MU a

For the g-foot-chord airfoil:

(
c~=*- 1~ [0.0722+ (2 - I!#9 0.02165J} otu

1

r r-%=1 + 0.4 l:~a

L1- ‘+- ) 10.02165 Cdu .o~ =
~

[ -+ ]~ckl +@@%
= 1 = (0.02165) (2 - K’0w3/4 -

1



a= %+-@+uno/4J ..‘1 - %’

M=
[. 1
1 +5 (l.+ o.2.1?!ua)Mu
. -%

R = (1.022) ~
.. . . .. .

The pressure coeff’lcientsyesented herein were correoted for
tunnel-wall effects by the application of analogous equations.

RESUL%S MD ,#WY3US$ION

The data presented fall naturally Into five seotlons.
The first three sections include the lift, drag, and pltching-
moment characterlstios, as well as the orltlcal Haoh numbers
of the Indlvldual alrfolls. These results appear in the
following order: I~ACA66(213)-420,

7
-foot ohord (figs. 4 to

10); ?WCA 66(21g)-420, &foot chord
‘15s”

11 to 17); and
NACA 65(216)-~20, 5-foot chord (figs. lb to 25). In the
fourth section, comparisons of the section characteristics of
the three airfoils for various oonditlons”are shown (figs. 26
to 35). The last section contains pressure-distribution data
for the three airfoils at several angles of attack and for
Mach numbers including the critical Maoh number (figs. 36 to
51).

Of the NACA 6~(216)-420 and 66(21g)-420 airfoils of
5-foot ohorc!lat O angle of attack and with the surface
smooth, the kCA 65(21~)-Q20 hatian equal or lower drag coef-
floient throughout the range of Maoh numbers of the tests.
Figure 26 shows that at a Mach number of 0.15 the two airfoils
had the same drag coefficient 0.0041 and at a Kaoh number of
0.55 the 65(216)-420.airfoil had a drag coeffloient of only
0.0043; whereas that for the 66(21$)-42o airfoil was 0.0049.
The rapid drag inoreases shown In figure 27 at Reynolds
numbers of approximately 17,000,000 and 26,000,000 for the
5-foot-chord and S-foot-chord airfoils, respectively, are due
primarily to compressibility shock rather than soale effect.

Fi ure 33 shows that the mlnlmum drag ooeffioient of the
7NACA 65 216)-420 airfoil was 0.0002 less than for the
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66(2M1-420 airfoil.. Also, the 6~series airfoil maintained
Its Iow-&eg,eharaoterlsUio@ “over.ar~go of lift obeffielents

.,. gr.eater.by.’.i2i2,t~n:the.,.6&serieq-ai~f~>l.<,T-he.~esultsin
fl~re 33 are for R *oh number of 0.4; oomparlson.of

P

2“

flgurd 7 with flg&e 21 showe that the..65-seriesalrfoll had
the”lower drag doe~t’loientfor most of.t~e”~gles of attaok
md l&iohmmbms Inoluded in the”tests.o .‘.“. “.. m.. .

FI&e” so.ShOWS t~t the NACA 66~21g)-420 has a slightly
h~gher orlttoti Ma6h number (O.01 ).a$ the.dgmign lift

2ooeffi”olent’.of0,4 than the NACA. 5(216)-420,.>t’oet-ohord
elrfoil.““The small difference less t~an 1 eroent between
the orltio~l.Mauh number~ of t~e NACA 66(21g~-420, &foot-
and &foot-ohord @irfolls 1s well wlthi”n-thellmi$ of
experiment~l aoouraoy The oritio~.1Maoh number is about
0.60 at the-d.eslgn~~ft ooefflo$ent and corresponds to
46o miles per hour at sea level or 415 .mllesper hour at,
25,0@0 feet altitude.

In figures 6, 13 and 20 von.K&m&ls theoretical
reletion (reference gj for the rate of inorease of pressure
ooeffiolent with increase of Maoh number Is shown. The
results for these three airfoils Indioate that von K&mAnls
theory nredicts the critiml speed of the airfoils to be
higher thm It aotually is.

For Mach numbers below the crltloal, fixing the transi-
tion poirrtresulted in m almost constant Inoreese of drag
ooefflclent for each airfoil and roughness condition (figs. 4
5, 11, 12, 18, and 19) except for the roughness at 60 peroen%
of the chord-on the NAdA 66(21t!)-420,$-foot-chord s.irfoll.
With this airfoil the inore~ee of drag coeffloient with speed
Indicated thet the transition po~nt was probflblymoving
forw.rd (fig. 12(a)). The d~.taalso show the.tfor Reynolds
numbers from 2:,000,000 to 2~,000,000 the drag ooeffloient
for this condition WHS greater then with rou@ness at
30 per~ent of the ohord. The roughness at 60 percent of
the ohord mny have contributed to separation over the rear
porti”onof”the airfoil s.fterthe transition point moved
for%wrd which might h~ve been the cnuse for the larger drag
Uoeffici~nt. “

.Comp@risonof figures 4.and.lg shows the fiCA “65( 2i6)-420
5-foot-ohord ~lrfoll to be less affected by roughness than

~ the N.MA 66(21$)-420. This oharacterlstic.wasbrought out
very markedly during the tests. Minute imperfections in the-

.
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surf~da.’ofthe 66-series-sirfoil o~.used~ appreciable inorease
::of:draQF.ooeffioient(e.bout 0.0005),while the 65-series aim
foll was .muohMss.sensitive to surf~.oeIqperfeqtiona,

. . . .:.
l?i~re 27.showe’th;t of the NACA”66(21g)-420, 5-foot-anti ;

l%foot-ohord .alrfolls,“the5-foo&ohard.airfoil had a lower ,
drPg ooeffloient th~n,the &foot for Reynolds numbers of
12,000,000 to 17,000,000. A Reynolds number of 15,000,000
do~dsgonds to e Mach number of 0.465 for “the5-foot-ohord
~.irfoll.sndtb” 0.27. for the.?!-foot~.irfoil. Fi~res 36 md
37 show.thnt.at:these Hmh numbers the >foqt-ohord airfoil
has A rno~efavoTablq pressure,~edient thm the $-foqt airfoil
and.theref~r~ is more favorable to leminar flw over the forward
wing surfade. ‘This steetiermeasure gradient on the q-foot-
ohord tiirfdllmtght.have os.usedmore extensive lamlnar flow,
thus reduoingtke”drag coefficient In comparison to that f~r
the &foot-ohord albfolI. . ‘.~ .

The NACA 65(216)-k20,
2
-f’oot-chord.airfoilat angles of

attaok.’of.2.1°, 3.1°; and .20 and fqr”~ch numbers just
below the crltlosl value (fig. h) is another exenmle of
benefiof~l.compresslblllty effects on the drag ooeffioient.
For thebe angles of attack; the uressura Mstribution over
the upper surface of this airfoil (figs. 4~ and 49) was
rather flat for W.ch numbers uv W about Qb4L With the “
small nressure Fra?iont, the transition point nrobably moved
forward with Increaelng speed but, ~t Maoh numbers above
about 0.4, oompresslblllty made the gradient more favorable

. to liuninar-flow... . ..

. Beo8use of.the large size of the’airfoils relative to’
the-wind “tunnel,the maximum normal-forae ooefftcients shown
In figures 10, 17, 24, 25, ?4, and 35 probably do not aocu-”
rately represent free-air oond.ltlons. ,

. .

CONCLUSIONS

The results of tests presented
follo’”lngconclusions:

n

in this report le~d to the

1. For most of the Pn les of e.ttackFnd I!achnumbers of
these tests, fthe NACA 65(21 )-42o S-foot-chord sirfoil has a
lower drag coefficient than the N~CA 66(218)-420

?-
foot-chord

airfoil, and the low-drag chmacteristics of the >series air-
foil extend over a greeter llf’t-ooefflolentrs.ngethan for the
.
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66-se.ri~satrfoi~.. .o“. “ ,r“ , . ..... ... .
.. .. . . . .. . . .-

.

‘2.”The NACA 66(21gY-426 alrfbil i4 more sensitive to
rnlnute-’surfao”ei~erfe”btl.onsthan the NAGA 65@16)J420
airfoil~”. . --.,. .....--”. ..-... -., . .,,..,

I-.
. . ‘

3. The NAcA.6d21t!i)-iiio ~~rfoi~-has a-slightly higher
critical Maoh number (qreater by 0.015) than the NACA
65(216)-420 airfoil.

4. For these airfoils, von K&w&Is relation for the
rate of Increase of nressure ooef’fl,ctentswith Maoh number
leads to overestimation of the orltlcal speed,

Ames Aeronnutloal Laboratory,
National Advisory Committee for Aeronautics,

Moffett Field, Call.f.
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FIgure 3.-An NACA 66( 218)-420, 8-foot-chord ai rfoi i

in the wind tunnel with the momentum rake in place. -
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